The use of self-assembled monolayers (SAM) of fullerene derivatives reduces the hysteresis of perovskite solar cells (PSCs). We have investigate three different fullerene derivatives observing a decrease on hysteresis for all the cases. Several processes can contribute to the hysteresis behavior on PSCs. We have determined that the reduced hysteresis observed for devices with SAM is produced by a decrease of the capacitive hysteresis. In addition, with an appropriated functionalization SAM can increase photocurrent even when no electron selective contact (ESC) is present and SAM is deposited just on top of the transparent conductive oxide. Appropriated functionalization of the fullerene derivative, as introducing -CN groups, can enhance cell performance and reduce hysteresis. This work paves the way for a future enhancement of PSCs by a tailored design of the fullerene molecules that could actuate as an ESC by themselves.
Very recently, capacitive and non-capacitive components, whose origins are believed to arise from different physical and/or chemical mechanisms, have been identified in the hysteresis of PSCs. 14 Capacitive hysteresis is directly proportional to the Current-Potential (J-V) curve scan rate, s. A capacitor with capacitance C presents a measured current s·C in the J-V curve observed during the voltage sweep. The change of the scan rate direction produces consequently a change in the sign of the current provoking the hysteresis. Moreover non-capacitive hysteresis is not proportional to scan rate and has a different physical origin as we discuss below. We have observed that perovskite solar cells (PSCs) prepared with a SAM of fullerene derivatives present a mixed hysteresis behavior; firstly, they exhibit the typical capacitive component of a standard PSCs prepared with TiO 2 as an electron selective contact (ESC), although the hysteresis is significantly less pronounced when the fullerene SAM is introduced; secondly, a non-capacitive hysteresis previously observed also in inverted PSCs with fullerene was also detected in PSCs with a SAM.
The photovoltaic performance does not only depend on the light absorbing material but also on the efficient charge extraction at the selective contacts. 15 TiO 2 is probably the most extensively used ESC in PSCs, although organic ESC are receiving an increasing attention. 16 In accordance with this, it has been shown that the use of fullerene derivative layers, 17, 18 the deposition of a thin fullerene layer 19, 20 or even the use of a SAM on top of a TiO 2, 21 reduces significantly the photoluminescence lifetime, thus indicating a better electron extraction when the fullerene derivatives substitute the TiO 2 or even when the fullerene is on the top of the TiO 2 layer. Therefore, modifying the ESC-perovskite interface can significantly enhancethe electron injection and electron transfer, as well as reducing the charge recombination. 19, 21 As it has previously been commented, the approach that consists in functionalizing the ESC with fullerene derivatives has been investigated in this work. Fullerenes have high electron affinity and are good electron acceptors. Their π-conjugated structure enables the charge delocalization, thus enhancing the electron extraction. As it has already been mentioned, In this work, we have analyzed three different fullerene derivatives (1-3), see Figure 1a , whose syntheses is described in detail in the experimental section. The fullerene derivatives have been functionalized with a carboxyl group (-COOH), which is a widely employed functional group for anchoring to the TiO 2 surface. We have selected as a reference the fullerene derivative 3, already reported in the literature, 21 where a benzoic acid is linked to the fullerene through a N-methylpyrrolidine, and we have prepared a couple of variations by changing, on the one hand, the connection between the fullerene and the benzoic acid (using a cyclohexane instead of a pyrrolidine). On the other hand, we have introduced two cyanide groups in the fullerene moiety, which significantly modify the reduction potential values of the molecule and provide further anchoring group through the lone pair nitrogen atoms, see Figure 1a .
These modifications have allowed us to study not only the influence of the bridging functional group that connects the fullerene with the oxide substrate, but also the influence of the functional groups that contact directly with the perovskite layer, i.e. the cyanide groups from 1, see Figure 1a .The optical absorption of the fullerene derivatives has been analyzed, see Figure S1 ; very similar features have been observed and a band gap of ~2 eV has been estimated for all three fullerene derivatives, see Table S1 . In addition, the HOMO and LUMO energies and the redox potentials, see Table S2 , have been measured using cyclic voltammetry, see Figure S2 . In order to analyze the effect of the fullerene derivatives we have selected the probably most extended configuration for PSCs, see Figure 1b . In this configuration a but also produces a perovskite capping layer on top, see Figure S3 . Finally, spiro-OMeTAD as a Hole Selective Contact (HSC) and a gold layer are deposited in order to extract efficiently the photo-generated holes. A similar configuration but with No TiO 2
Compact Layer (NCL) has been also studied, see as can be clearly observed from the strong quenching of the photoluminescence (PL), see Figure 2c , conventionally attributed to an improved charge extraction. 21 However, in contrast to previous reports, 21 we have not detected any increase of the photocurrent, which is not altered or is even slightly reduced when the fullerene SAM is introduced, see Figure 2a and 2b respectively. In addition, the slight decrease of V oc detected for samples with SAM and the larger dark current detected when SAM is used, in some cases (see Figure S4 ), makes that it is not possible to discard an increase of the recombination when SAM is used. Averaged values and the corresponding standard errors have been calculated using the results obtained by at least 10 cells prepared at each condition, see Table S3 and S4.
Two different set of samples have been prepared with their corresponding reference samples, in order to compare samples produced with the same experimental conditions.
Samples were prepare under air atmosphere and temperature and humidity conditions vary from batch to batch. Consequently we compare samples containing SAM with reference samples produced in the same batch. The hysteresis index (HI) was calculated using Eq. 1 for the J-V curves shown in Figure 2 and 3. The observed hysteresis has been quantified by calculating the HI as follows: 22 (1)
Device Scan direction J sc (mA/cm 2 ) V oc (mV) FF (%) η (%)
Where J rev (V oc /2) and J for (V oc /2) are the currents when half of the V oc voltage is applied for reverse (from V oc to zero) and for forward (from zero to V oc ) voltage scans, respectively. A device without hysteresis presents a HI of zero while higher values of HI indicate a more pronounced hysteresis. When 2 and 3 SAM are used the HI is significantly reduced, 2 and 4-fold, respectively.
In order to get further insights about the particularities of the observed hysteresis for samples with fullerene derivatives, J-V curves under dark with different scan rates have been measured, see Figure 3 . The hysteresis observed in PSCs has not a single and general origin for all the cases. Very recently, it has been shown that the J-V hysteresis under dark of standard devices using TiO 2 /spiro-OMeTAD as ESC/HSC has a capacitive origin that is directly proportional to the scan rate. 14, 23 This hysteresis is observed at low applied voltages and we have also observed it when the fullerene derivative SAMs are deposited, see dotted frame in Figure 3 , and its dependence with the scan rate in the inset of Figure 3 . Additionally, we have also observed another hysteresis feature at applied voltages of around 0.5 V at very low scan rates, and consequently this is believed to arise from a non-capacitive process, see dashed frame in interface with dipole layer formation. 26 In both cases a clear interfacial nature of the phenomena is pointed out and further research will be needed to clarify whether the origin of the inverted hysteresis arises from the same or, on the contrary, from different effects depending on the nature of the contact. Moreover, the variation of the bridging group between the fullerene and the benzoic acid, fullerenes 2 and 3, does not introduce any significant change on the performance of the PSCs, see Figure 2 . Compounds 2 and 3 present the same bandgap, see Table S1 , and LUMO position, see Table S2 , and induce a PL quenching of the perovskite quite similar, thus indicating that comparable charge injecting properties are induced; therefore the effect of the connecting cyclohexane and pyrrolidine groups induces a negligible effect on the final cell performance. However, the properties induced by the fullerene derivative 1 are significantly changed from the reference fullerene 3 when the connecting part containing the carboxylic group is kept unchanged but a couple of cyanide groups are introduced into the fullerene framework, see Figure   1a . Cyanide are electron withdrawing groups that cause a higher polarization of the molecule. Cyanide groups does not significantly change the bandgap compared to the 3 derivative, see Table S1 , but they have a strong effect on the LUMO energy position, which decreases in 20-14 meV compared to the 2/3 counterparts, respectively, see Table   2 .
A new set of samples has been prepared using a 1 SAM, see Table 1 and Figure   4a . Again, the use of a SAM reduces the J-V curve hysteresis, but with derivative1 the efficiency of the PSC increases mainly due to the increase of the measured photocurrent. Note that for scan rates in the order of the one used in this work (50 mV/s) the stabilized photocurrent lies between forward and reverse curves. 27 The origin of this beneficial effect could be ascribed to the direct contact between the highly polar cyanide groups and the perovskite layer, thus allowing an enhanced coupling of the fullerene-perovskite interface. However, an effect of SAM that changes the wettability of the substrate affecting the morphology of the perovskite layer 28 needs a detailed study beyond the scope of this manuscript. In addition, a strong PL quenching of the perovskite emission has been also observed when the 1 SAM is used, see Figure S5 .
Note that when the compact layer is removed a partial PL quenching it is also observed, see Figure S5 . This fact can be attributed to an increase of surface recombination as the increase of dark current points out, see Figure S4 . However, the PL quenching when Finally, we have studied the effect of removing the compact TiO 2 ESC, but maintaining the TiO 2 scaffold. When the ESC is removed the efficiency of the device is severely affected, see Table 1 and Figure 4b , mainly due to the strong decrease of photocurrent, indicating the important role of the compact layer. A detailed analysis of the scaffold effect is beyond the scope of this work. We have already reported that ESC plays a fundamental role in the control of interfacial recombination. 29 Nevertheless, when 1SAM is employed, there is practically no current decrease, see Figure 4c , due to the interfacial passivation effect induced by the SAM. The use of SAM reduced the hysteresis even when no ESC is present, see Fig. 4d and HI in Table 1 The reaction mixture was allowed to reach room temperature and the solvent was removed under vacuum. The crude was purified by flash column chromatography on SiO 2 using (CS 2 /Toluene and then Toluene/THF (2:1)). The black solid obtained was further purified by repeated (3x) precipitation and centrifugation in methanol to yield the corresponding hybrid as black solid. 1 Mesoporous TiO 2 layer was deposited by spin coating at 6000 rpm during 40 s using TiO 2 paste diluted in ethanol (1:3.5, weight ratio). After drying at 80 ºC 10 min, it was heated at 470 ºC for 30 min and cooled down to room temperature. The different fullerene derivatives were dissolved in chlorobenzene (2mg/mL) and filtered with a 0.2µm PTFE filter. The substrates were heated 10 min at 120 ºC, immersed in these solutions for 24 hours, rinsed with chlorobenzene and then dried for 10 min at 120 ºC.
The perovskite solution was prepared by mixing 2.64 M of methylammonium iodide and 0.88 M of lead chloride at a 3:1 mol ratio in DMF. The substrates were heated 10 min at 60ºC and then the solution was spin-coated at 500 rpm for 5s and 2000 rpm for 60 s in air conditions. After the deposition, the substrates were heated at 100 ºC during 90 min in an oven under air stream. Spiro-OMeTAD was deposited by spin coating at 4000 rpm for 30 s. The spiro-OMeTAD solution was prepared by dissolving 72.3 mg of spiro-OMeTAD, 28.8 μL of TBP and 17.5 μL of a stock solution of 520 mg/mL of Li-TFSI in acetonitrile, in chlorobenzene. The deposition of 60 nm of gold was carried out by thermal evaporation at 10 -6 mbar. Samples were prepared under air conditions and the humidity can vary in our laboratory between 30-60 % and consequently samples prepared with different conditions cannot be straightforward compared among them.
Our approach is to prepare reference samples for all the batches and compare each sample with its respective reference, see Table 1 . Source Meter, AM1.5G and 100mW·cm -2 . The measurements were performed using a shadow mask whose area was 0.089 cm 2 .For the PL measurements, a commercial red laser diode (650 nm) was used as excitation source. The measurements were carried out using a spectrophotometer CCD based detector (charge-coupled device, AndoriDUS DV 420A-OE) coupled with a spectrograph as a diffraction grating (Newport 77400).
Normalized absorbance spectra and cyclic voltammetry measurements of the fullerene derivatives. Photoluminescence spectra and dark current of the complete devices.
